Abstract Since the European population of great cormorants (Phalacrocorax carbo sinensis) rapidly increased 30 years ago, Denmark has been one of the core breeding areas for this colonial water bird. Following a 10-year period with stable breeding numbers in Denmark, the population of great cormorants decreased. At the same time, a combination of cold winters and low availability of coastal prey fish apparently triggered birds to seek new foraging areas. Thus, cormorants began to appear in rivers and streams coinciding with an observed massive decline of fish, mainly brown trout (Salmo trutta) and grayling (Thymallus thymallus). In this paper, we present the results from studies using radio-telemetry, PIT-tagging, and traditional fish surveys to estimate the impact of predation in Danish lowland rivers. Recovery of PIT-tags revealed that an estimated 30% of wild trout and 72% of wild grayling tagged in a small river were eaten by cormorants. In another medium-sized river, 79% of radio-tagged adult grayling were removed, presumably by cormorants during winter. Thus, predation from cormorants appears to be at a level that explains the observed collapse of grayling and brown trout populations in many Danish streams.
Introduction
Conflicts between interest groups over the impacts of great cormorants (Phalacrocorax carbo sinensis Blumenbach, 1798) on fish populations are well known and have been described (e.g., Marzano & Carss, 2012; Klenke et al., 2013) . Interestingly, similar conflicts have developed around another species, namely the double-crested cormorant (Phalacrocorax auritus Lesson, 1831) in North America (Rudstam et al., 2004; Fielder, 2010; Dorr et al., 2012) . The conflicts in Europe have been exposed in national media and in the political system for decades. The role of scientific documentation in conflict mitigation has been emphasized (Klenke et al., 2013) , but research projects aiming at producing such documentation have been sparse in Europe and only few studies have focused directly on the effects of cormorant predation in rivers. However, some recent studies provided direct and indirect evidence that cormorant predation has become a highly important factor affecting local stocks of some species of freshwater fish (Koed et al., 2006; Skov et al., 2013a, b; Jepsen et al., 2014; Ovegård et al., 2017) .
The breeding population of cormorants in Denmark increased from 2,000 pairs in 1980 to 36,000 pairs in 1993 and following a period of more than 10 years with a fairly stable breeding population (around 39,000 pairs during [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] , breeding numbers declined to a level of 25-28,000 pairs during 2010-2013 (Bregnballe et al., 2015) . Now, it could be expected that a decrease in the number of birds would cause a similar reduction in conflicts, but on the contrary an apparent change in foraging behavior of cormorants lead to intensified conflicts in freshwater areas (Jepsen et al., 2014) . From being conflicts confined to fish and fisheries in fjords, estuaries, and coastal areas, the conflicts now extend far inland. In Central Europe, anglers and managers have raised concern about the high predation pressure from cormorants in rivers during winter, threatening local populations of grayling (Thymallus thymallus Linnaeus, 1758) and brown trout (Salmo trutta Linnaeus, 1758) (e.g., Kainz, 1994; Suter, 1995; Steffens, 2010) . Despite three decades with a large breeding population of cormorants and with high numbers of migrating cormorants spending the winter in Danish waters, such problems were not observed in Denmark before 2010 (Jepsen et al., 2014) . The change of cormorant foraging occurred after two relatively cold winters (2009/2010 and 2010/2011) where lakes, estuaries, and most fjords froze over in periods. Overwintering cormorants extended their foraging areas and appeared at locations far inland, i.e., where open water was available, including creeks, streams, rivers, stocked ponds (P&T), and fish farms (authors' observations) . This use of new foraging areas has continued in the following milder winters and cormorants are now observed frequently in even small rivers during long periods of the year (authors' observations). It has been estimated that 12,000-29,000 great cormorants were present in Denmark during winter in the years 2006 (van Eerden et al., 2011 . The wintering population is mainly composed of birds of Danish origin and birds from breeding populations in Norway, Sweden, and Germany but also cormorants belonging to the growing breeding populations in Finland and the east Baltic countries occur in Denmark during winter (Bregnballe, 2009) .
In Denmark, grayling are found naturally in six river systems, where they used to be very abundant.
Following reports of collapsing populations of grayling and brown trout, an annual survey was initiated, where stretches of 2-5 km in four rivers were electrofished and the density of trout and grayling was estimated. Relative survival was calculated based on recaptures of PIT-tagged individuals the following year. The results showed very low density of both species. Grayling was almost absent from some rivers and the relative survival of tagged fish was in the range of 2-30% (Jepsen et al., 2014) . Based on these results, a nationwide ban on fishing for grayling was initiated in 2011. Grayling and brown trout were both popular species for angling, but since 2010 there has been very low angling effort and anglers who still target brown trout almost exclusively perform catch & release (C&R).
The aim of this paper is to evaluate the effect of cormorant predation on river fish populations. The direct effects of predation on a given fish population is difficult to document, using any single method, so to obtain solid results, a combination of methods is often needed (Jepsen et al., 2010; Hansson et al., 2017) . In the studies reported here, we used extensive fish surveys: PIT-tagging, radio-tagging, and surveillance with ''game-cameras'' to estimate the importance of avian predation for river fish.
Materials and methods

Study areas
The study was carried out in the Rivers Nørreå (upper part of Ribe Å ) and Kongeå (Fig. 1) . Both are springfed lowland rivers of relatively small size (mean annual discharge: Nørreå 5 m 3 /s and Kongeå 14 m 3 / s), with low gradients, sandy substrate, extensive macrophyte cover, and stable flow regimes. The rivers are naturally species-poor with salmonids being the dominating species. Besides salmonids, only 3-4 other species are regularly found and do not contribute much to the biomass. Most of the catchment area is in farmed land. There is no commercial fishing in the rivers and only little fishing effort from anglers. Noteworthy, the angling effort has decreased remarkably in these rivers the last years, for example, in River Kongeå around 1,000 day permits were sold annually before the decline of the grayling population and now only 50 permits are sold (Pers. Comm. M. Deacon). Stocking of grayling has never been performed, except for the introduction to River Gudenå in 1936 -1937 (Larsen, 1947 . Trout juveniles are stocked at few places upstream in the rivers surveyed, but not in the study areas, so all the fish studied here are of wild origin. Both rivers are in the SW part of Denmark, where there are no cormorant breeding colonies and the density of cormorants is considered low. Local anglers and landowners say that observations of cormorants in the rivers are rare and that they generally do not see cormorants as a cause of problems in these rivers. Thus, we deliberately choose rivers where the decline in fish was not assumed to be linked to bird predation.
PIT-tagging survey A 6.5-km stretch of River Nørreå was surveyed in 2010-2012 (Fig. 1) . Electrofishing was carried out annually in May-June, and all fish with TL [ 13 cm (eel [ 20 cm) were PIT-tagged (12 9 2.1 mm HDX, Texas instruments) by surgical insertion into the body cavity. In total, 3,195 fish were PIT-tagged (Table 1) . Of these, only 59 (all trout) were larger than 30 cm. Based on recaptures of PIT-tagged fish in 2011 and 2012, we estimated relative survival (proportion recaptured) of brown trout and grayling. The relative survival is only an indicator of the ''true survival'' because the catch efficiency during electrofishing was Fig. 1 Map of River Kongeå and River Nørreå. For River Kongeå, the location of automatic listening stations (ALS) and release site is marked. The study stretch was inside the ALS' and the total stretch tracked for radio-tags is highlighted with a darker color measured by ''double fishing'' to be 67-86% and because some movement of tagged fish in and out of the area is likely.
A cormorant night roost located 10 km from the tagging site was found in 2013 and ground scanning for PIT-tags was performed in winter/spring of 2013, 2014, and 2016. Scanning efficiency was estimated based on PIT-tags recorded repeatedly during successive scanning sessions for 2013-2014 and 2014-2016 . The efficiency was estimated to be 70%.
Radio-telemetry study
To study winter survival of grayling, a 7-km stretch of the River Kongeå was selected for a telemetry study (Fig. 1) . On October 19, 2015, the upper half of the research stretch was electrofished by boat. All captured grayling (N = 66, age [ 0 ?) were stored in a 300-l tank supplied with oxygen until tagging (max 2 h). Of these, 25 fish (mean TL 30 cm, range 24-36 cm; mean weight 261 g, range 120-428 g) were selected for radio-tagging. Fish were anesthetized with benzocain (adjusted dose inducing anesthesia in approx. 3 min.) and the tag (ATS, F1580, weight 3.2 g in air, 13 9 24 9 7 mm, battery life of 220 days) was implanted into the body cavity through a 10-15-mm mid-ventral incision. The incision was closed with one or two separate absorbable sutures (vicryl 4-0). Mean tag:bodymass ratio was 1.23% ranging from 0.75 to 2.67%. Before release, fish were held in a tank with fresh stream water, until full recovery. Surgical implantation was performed by an experienced fish surgeon in accordance to the guidelines described in permission (2017-15-0201-01164) from the Danish board for use of experimental animals. One fish died within 7 days after tagging and is excluded from the results. All 66 fish (including the radio-tagged) had a 12-mm PIT-tag inserted at the base of the dorsal fin. On April 4, 2016, the upper 3.5 km of the study stretch was electrofished again to recapture tagged fish and to record all fish caught in order to estimate biomass.
Manual tracking of the radio-tagged fish was performed almost weekly from October 20, 2015 to March 14, 2016. In addition, we placed one ALS (automatic listening station, ATS R2000 receiver, ATS D5041-A datalogger, 4-element yagi antenna) at both ends of the study stretch to record fish leaving the study area. Moreover, we performed manual tracking outside the study area when out-migrating fish was detected on ALS. These tracking's were done (from 5 km downstream the lower ALS and 4 km upstream the upper ALS) to assure if fish moving out were dead or alive. We conducted a final scanning through the entire river system at the end of the study (Fig. 1) . In total, 21 tracking sessions were performed inside and six outside the study stretch.
The fate of each fish was determined by the tracking. Fish that disappeared from the study area without registration on the ALS were assumed removed by birds due to the fact that otter (Lutra lutra Linnaeus, 1758) and mink (Neovison vison Schreber, 1777) prefer to eat their prey on the bank near the river (Lindstrom & Hubert, 2004; Aarestrup et al., 2005) . Radio-tags found on the river bottom were attributed to an unknown cause of death. We registered a given fish as dead on the first scanning day without registration inside the study stretch or on listening stations. Grayling are protected in Denmark and loss to fishing is highly unlikely. Potential roosting sites for great cormorants and grey herons (Ardea cinerea Linnaeus, 1758) were identified along the river and nearby lakes. A total of 14 locations were scanned for radio-tags and nine of these for PIT-tags. All roosting sites were only used by few birds, and were within a straight-line distance of 21 km from the release site of the tagged fish.
Predator registration
During tracking, potential grayling predators (cormorant, grey heron, mink and otter) were recorded. Moreover, four trail cameras (Jagtkamera LTL 8210A) were placed on 150-cm poles from October 2015 to March 2016, at locations that changed according to observation of fish-eating predators during manual tracking. The cameras recorded photo time-laps with a 2-min. interval. Number of individual predators recorded per day was recorded by examination of photos. During cold-weather periods, the cameras were unstable, and all did not record thoroughly. From January 28, 2015 to March 6, 2016, two stationary cameras ran continuously. The two cameras were placed 100 m apart and recorded the same 100 m river stretch between the cameras from each their side. This camera position enabled us to get a clear view of the stretch and hence count how many cormorants visited this stretch.
Biomass
To calculate total fish biomass for all potential cormorant prey (fish \ 40 cm), we performed a mark-recapture survey of the upper 3.9 km of the Kongeå study stretch on November 8 and 9, 2016. Total length (TL) and weight were measured for all fish, with exception of adult anadromous trout and salmon. During this survey, the efficiency was only 7-18% for brown trout, salmon, and grayling. The efficiency for grayling YOY and other species could not be established because of too few individuals caught. For these, we assumed an efficiency of 5% for calculating the biomass. Biomass was found for each species using the mean weight of each group multiplied by the mark-recapture estimate. Mark-recapture estimate was found using Petersen single-census method (Ricker, 1975) .
Data analysis
When PIT-tagged fish are eaten by cormorants, there is a probability that the tag will end up on the ground under the nest or roosting site, where it can be identified using a ground scanner (Boel, 2012; Skov et al., 2013b) . The probability of finding a given tag in a given colony varies, making the estimates of predation less definite (Osterback et al., 2013) . However, a high recovery rate gives confidence to the method (Hostetter et al., 2015) . Boel (2012) investigated the efficiency of ground scanning for PITtags under a breeding colony and found it to be 78%. This figure was evaluated in combination with radiotelemetry and found that 40% of the tags, actually taken by cormorants, were found in a colony by scanning. This proportion takes into account the number of tags regurgitated outside the colony as well as undetected tags in the colony. In the present study, we found a scanning efficiency of 70%, similar to the 78% in Boel (2012), so we assume that when a number of PIT-tags are identified under roosting/ nesting trees or in a ground colony, the number can be divided by 0.4 to estimate the true number eaten. We performed a linear regression to test for a relationship between size of brown trout (length of brown trout at PIT-tagging) and predation rate from cormorants (fraction of PIT-tagged brown trout recovered from cormorant roosting sites) for potential cormorant prey (\ 40 cm). Alpha level was set to 0.05. Statistical test was performed in R (R core team, 2016).
Results
The relative annual survival for PIT-tagged brown trout and grayling in Nørreå from 2010 to 2012 was 7.1-11.1 and 7.9-8.3%, respectively. A total of 367 PIT-tags were found at one cormorant night roosting site close to the river (Table 1) . Additionally, 10 PITtags from brown trout were recorded at four other great cormorant roosting sites as far away as 121 km from the tagging site. Grayling appeared to be most vulnerable to cormorant predation (Table 1) . The fraction of PIT-tags recovered from the tagged brown trout increased with increasing fish length (LR, F 1,25 = 40.4; P \ 0.001) providing evidence that cormorants preferred larger individuals (Fig. 2) . The relationship for the length of these fish and the possibility of recovery under cormorant roosting sites can for fish between 13 and 39 cm be described with the following function Recovery rate = -0.073 ? 0.0101 9 fish length, R 2 = 0.62. Brown trout up to 53 cm were PIT-tagged, but the largest fish, which tag was found, measured 39 cm at tagging. However, only few brown trout (N = 23) [ 39 cm were tagged.
Most radio-tagged grayling remained close to the release site during the first weeks, but after some heavy rains they dispersed more. During the 6-month study period, 6 tagged grayling moved more than 1 km but only two individuals actually left the study area (upstream). In general, most grayling were quite stationary and only few moved between tracking sessions. A total of 21 (87.5%) of the 24 radio-tagged grayling were lost during the study ( Table 2 ). Most of these (N = 19, 79%) were removed from the study area without registration on ALS' and are therefore assumed eaten by birds. Of these, eight radio-tags were found at small cormorant roosting sites/resting trees at distances of up to 21 km from the release site measured in a straight line. Two radio-tags were tracked to be stationary on the river bottom from January until March and confirmed death by electrofishing.
Mortality peaked during periods with air temperatures below 0°C (Fig. 3) . During cold periods, cormorants were observed during manual tracking. Cormorants were mainly seen foraging in fast water Radio-tags recovered on the bottom of the river within the study stretch (riffles) close to a pool and in higher densities during cold-weather periods (Fig. 3) . Until mid-January, only one cormorant had been recorded on the cameras. From January 28 to March 6, an increasing number of cormorants were recorded and on frosty days up to 10 birds were observed. Grey herons were observed throughout the study period both manually and on cameras. Only five otter observations were done during the study period. The relative survival of radio-and PIT-tagged grayling in River Kongeå was 8.3 and 9.8%, respectively. Noteworthy, a high fraction (44%) of grayling caught in spring had bite marks and scars from predators. Most of the fish C 34 cm had marks and scars.
We estimated the total spring fish biomass in River Kongeå to be 59.8 kg km -1 . With a mean width of 12 meters, this equals 49.9 kg ha -1 . Brown trout, salmon, and grayling were the dominating species, but we also captured pike (Esox lucius Linnaeus, 1758), perch (Perca fluviatilis Linnaeus, 1758), dace (Leuciscus leuciscus Linnaeus, 1758), roach (Rutilus rutilus Linnaeus, 1758), eel (Anguilla anguilla Linnaeus, 1758), minnow (Phoxinus phoxinus Linnaeus, 1758), three-spined stickleback (Gasterosteus aculeatus Linnaeus, 1758), and gudgeon (Gobio gobio Linnaeus, 1758), all in low numbers (Fig. 4) .
Discussion
The results from the PIT-tagging study showed that cormorants were eating a large proportion of the tagged fish from Nørreå, where brown trout and especially grayling were vulnerable to cormorant predation. Grayling are known to be easy prey for cormorants due to their avoidance response where they group together in deep pools (Č ech & Vejřík, 2011). Additionally, the study shows that great cormorant prefer relatively large prey. It is already well known from other studies that great cormorants can handle and may select large prey fish (Č ech et al., 2008; Steffens, 2010; Č ech & Vejřík, 2011; Steffens, 2011; Skov et al., 2013b) , but still some papers state that great cormorants ''prefer'' small fish (e.g., Zydelis & Kontautas, 2008 ). This conclusion has been drawn based on pellet analyses that document that mainly small individuals are found in the diet, but this has not been related to prey availability and thus do not reflect ''preference.'' Recent studies, including this, indicate that larger individuals of perch, brown trout, and grayling are eaten at a higher proportion than smaller ones (Skov et al., 2013b) . A selective predation on larger individuals can affect population dynamics, favoring smaller individuals, as seen from rivers with intense fishing pressure, where anglers target large fish (e.g., Braña et al., 1992; Aldomóvar & Nicola, 2004) . Resident brown trout and grayling do not reach an effective size refuge from cormorants before an age of 4-5 years making them vulnerable for predation most of their lives.
During the telemetry study, 33.3% of the radio-tags were recovered under great cormorant roosting sites, but we estimate the predation rate from great cormorant to 78%. So what about other predators? Grey herons have likely not constituted a threat to the radiotagged fish due to its preferred prey size of 5-10 cm and restricted foraging at water depths [ 40 cm. Also grey herons are not very capable in capturing prey deeper than 20 cm below the surface (Fischbacher, 1983; Geiger, 1983 Geiger, , 1984 Gwiazda & Amirowicz, 2006) . It is well known that grayling, especially during winter, reside in deeper areas inaccessible for grey herons (Nykänen et al., 2001 (Nykänen et al., , 2004 Lucas & Bubb, 2014) . Additionally, grey herons were present in same numbers throughout the study period unlike cormorants, which was increasing in number during periods with high loss rates for grayling. Despite the high predation, we only saw relatively few cormorants (maximum 11) at the same time, indicating that even a small number of cormorants foraging in streams can pose a serious threat for vulnerable species like grayling. Besides grey herons and cormorants, there were no fish-eating birds capable of removing a grayling far enough from the river to not be tracked.
Two radio-tagged grayling were lost to either predation by piscivorous fish, predation by otters/ mink, or rejection of tag. It has been shown that otters can eat many brown trout (Aarestrup et al., 2005; Jacobsen, 2005; Jepsen, unpublished) . The radiotelemetry study at River Kongeå showed none of the usual signs of mammal predation (tags with chew marks found on the river bank) even though otters were foraging in the area. Both radio-tags with unknown fate were found in the middle of the river, and thus, predation by otters/mink seems unlikely. Predation by pike or expulsion of tag is likely the cause. Studies on brown trout have shown relatively high expulsion rates (Jepsen et al., 2008 . However, a number of tagging studies with grayling and brown trout have been performed with no significant loss observed (e.g., Jepsen et al., 2008; Junge et al., 2014; Lucas & Bubb 2014; Horká et al., 2015; Van Leeuwen et al., 2016) . In this study, the radio-tagged grayling did not display signs of impaired mobility or changed behavior just after release or at the tracking sessions. The first fish died 3 weeks after tagging and the second more than 6 weeks after tagging. Two of the three surviving grayling were recaptured after the study and were in good health. The relative survival for radio-tagged and non-radio-tagged (PIT-tagged) was similar. Thus, we assume that adverse effects from handling and tagging did not affect the results.
The biomass of the fish community measured in River Kongeå (50 kg ha -1 ) is low compared to other rivers. Randall et al. (1995) reported a mean fish biomass in rivers at 146.1 kg ha -1 . The total biomass of fish in the studied part of Kongeå is estimated to be 388 kg. One adult cormorant will eat 0.7 kg of fish per day during winter (Bregnballe, 2009) . Thus, 10 birds will be able to eat the total biomass (all fish) in 55 days. If there is a period of 30 days during winter, where a river is regularly visited by only 10 cormorants, the available prey will be greatly reduced and the fish populations will be highly affected, especially if the larger individuals are taken first. Notable, it has been shown that few double-crested cormorants were able to remove a substantial part of fish biomass. Thus, an average of 16 double-crested cormorants present per day at a 6-ha catfish pond reduced the biomass harvested by 22% (Dorr & Fielder, 2017) .
Before startup of this study, it was obvious that some factor had significant negative impact on fish populations in most Danish rivers and anglers claimed that predation had reached a level that did not only impair many types of recreational fishing but also posed a threat to vulnerable populations of resident brown trout and grayling. The decrease in populations of trout and grayling after 2011 is well documented from several rivers, where the density of grayling abruptly decreased 5-10-fold (Iversen, 2010; Jepsen et al., 2014) . These results are very similar to what was reported from a number of central European rivers in the period from 1992 to 2000, where grayling and brown trout populations were found to greatly decrease after cormorant visits (Steffens, 2010) . Many studies have provided documentation of this as well as tested management measures (Dorr et al., 2010 (Dorr et al., , 2012 , but most results from Europe are found in grey literature (e.g., Kainz, 1994; Görner, 2006) . Due to the low fishing pressure in upper rivers in general in Denmark and the fact that grayling have been protected since 2011, fishing cannot be part of the explanation of collapsing populations. Generally, the surveyed rivers are in very good conditions with good water quality, high heterogeneity, physical variation, and improved connectivity. Thus, predation is the only likely reason for the lack of grayling and trout [ 30 cm.
The high cormorant predation is not only relevant for resident brown trout. Previous studies have documented significant loss of brown trout and salmon smolts in lower rivers and estuaries (Dieperink et al., 2001 (Dieperink et al., , 2002 Koed et al., 2002 Koed et al., , 2006 Jepsen et al., 2010; Thomsen, 2013) . So far, this high level of smolt loss has been somewhat mitigated by habitat restorations, removal of barriers, and strict regulations on fishing. However, the recent change of cormorant foraging behavior has likely led to increased mortality in the rearing areas, where great cormorants are now regularly encountered.
The documented effects of predation in combination with frequent observations of foraging cormorants in the rivers keep the conflicts and angler frustration intense. Thus, efforts are being made to test the efficiency of great cormorant harassment and lethal regulation in reducing the predation to an acceptable level. If successful in altering cormorant behavior and reducing predation, similar measures may be taken in many other river systems to safeguard vulnerable populations of freshwater fish. If not, the only way to protect the river fish seems to be a general reduction of great cormorant numbers.
